The purpose of this study was to determine the triaxial acceleration levels of a group of powered circular knives extensively used in the meat processing industry. These tools were tested in real time under actual work conditions while the operators used the tools in 23 different applications. The length of the study was 11 months, encompassing 685 tools, at 13 plant sites using 5 different diameters of circular tools. All vibration tool measurements were recorded from three triaxially mounted individually calibrated, PCB accelerometers. Customized software programs allowed a Gateway 2000 SOLO computer to cycle, collect, and record vibration data for a minimum of a one minute time frame. The study results showed that neither the ANSI S3.34 nor the ACGIH hand-arm vibration standards were exceeded for an 8-hour workday. The median acceleration levels for the five different sized diameter tools did not significantly differ. The operating levels increased only slightly from a new tool that has been determined to be operating at maximum efficiency. Examining the different tool applications, operators, plant locations and tool conditions resulted in concluding that for this type of tool the most important factor contributing to the acceleration intensity levels was tool maintenance and the conditions of its parts. Tools with higher vibration acceleration levels were disassembled and found to have at least one part severely worn or damaged. After the part(s) were replaced, the tool was re-tested under the same work conditions, the vibration acceleration levels on average decreased by 16%. As part of an overall effort, operator exposure to vibration generated by these powered circular knives can be significantly reduced and controlled by proper tool care and maintenance.
INTRODUCTION
Meat processing plants and their associated jobs are labor intensive and require the manipulation of hand tools. Since the depiction of the meat industry in 1904 1 , automation has allowed the processing speeds to significantly increase. Current production line speeds range from 200-400 cattle per hour and 800-1200 hogs per hour. Each animal carcass (unit) processed is unique and therefore all operations by line workers require different degrees of body movements to accomplish each task, added to the sheer speed of the production line. This high repetition, force, body angles, taxing of workers' bodies and other contributing factors such as cold working temperatures, power tool vibration, carcass weight have all contributed to increasing rates of cumulative Trauma Disorders (CTD) and associated problems in the meat industry.
One situation that the meat industry has faced since early man is the removal of as much meat as possible from each animal carcass. This had not been a problem for early man in all civilizations until the agrarian society became urban and quickly grew. With urbanization the demand for high volume meat processing plants developed; sometimes at the expense of the local butcher shop. Currently in the high volume meat processing industry, various types of powered hand tools have been developed to address high consumer demand for processed meat products. These tools are powered by compressed air, electric, and hydraulic sources and are used to: remove animal hides from the carcass; split bones and joints; remove meat from bones (de-boning) and trim fat from the meat. This orchestra of power tools, automated machinery, and manual straight knives provide a background for the current high volume processing of meat.
In 1954, an innovative, single hand operated electrical powered tool, a circular knife, was developed to efficiently remove meat from bones and trim fat from meat 2 . This power tool design is shown in Figure 1 . This power tool was one solution to the use of a manual straight knife in both the slaughtering and further processing areas. In the slaughtering areas these powered circular knives are used to remove: stick wounds, contaminated meat, and eyelids from the animal carcass. In the processing floor these knives are used for bone removal, removal of meat from bone, trimming fat, and the shaping of primal muscles. Over the years this powered circular knife has been accepted by the industry and thousands are in use worldwide by numerous meat processors. In operation, the circular knife is electrically powered by an AC motor whose output motion is mechanically transferred through a long flexible shaft into a pinion gear, which changes the rotational motion of the motor to the teeth of the pinion gear, thus moving a sharp, circular blade confined within a housing, see Figure 1 . A pneumatic powered circular knife is also used, eliminating the need for the flexible shaft. Blade diameters vary, as do their housings. Different angles of blade surfaces are also presented.
This powered hand tool design with its plethora of uses in meat processing presents different and significant challenges from both ergonomic and vibration acceleration standpoints.
Figure 1.
Powered circular knife used in meat processing
BACKGROUND
A 1988 study 3 evaluated the design of this circular knife and examined its ergonomic and vibration features and tool maintenance history. This study showed strong relationships between this power tool's design (weight, center of gravity, torque, handle sizes/contour/material, blade sharpness) and vibration acceleration levels and the maintenance received. In a 1993 ergonomics report 4 prepared for a major meat processing company, this circular knife was assessed as a "medium-low" risk job using a five category risk scale: low, medium-low, medium, medium-high, and high risk jobs. Risk factors identified in this ergonomic report included: repetitive hand motions, wrist deviations, continuous standing, bent neck position, and static grip force of the nondominant hand. Finally, another study 5 evaluated ergonomic solutions to problems in the poultry industry stated that automation is limited due to the variation among animals and that "Powered circular blade trimmers and scissors are commercially available to trim turkey meat. Such tools can help in reducing the repetitive nature of cuts and the amount of force required to trim meat products. Cutting tools can decrease the amount of force needed to trim or de-bone if they are maintained sharp. Manual and powered cutting tools only work as well as they are maintained. Power tools that are not maintained lose their ergonomic value of reducing force and repetitions when they generate excess vibration". Because of the foregoing and the fact that in the U.S. alone there are some 2 million workers regularly exposed to power tool vibration 6 in numerous diverse industries such as metal and wood working, mining, construction, etc., we believe there is a need to proactively protect workers from the effects of handarm vibration exposure, known as Hand-Arm Vibration Syndrome 7 and related musculoskeletal disorders (MSD). Thus the rationale and purpose of this extensive study, a first in the meat industry, was to proactively determine the relationships between this circular electric powered knife design/type/maintenance versus triaxial rms vibration acceleration levels emanating from these tools as used under actual working conditions in various U.S. meat processing plants using a variety of experienced production line workers as test subjects.
ERGONOMIC & HAND-ARM VIBRATION STANDARDS & GUIDES
As a practical matter there are limited number of guidelines one can refer to when designing both an ergonomic and anti-vibration (A/V) powered hand tool as a single product 7, 8 . Ergonomic guidelines 9 were first published in 1990 to address the increasing rate of CTD's in the meat industry. These guidelines addressed the ergonomic considerations for powered hand tools including weight, handle characteristics, tool vibration and job requirements. Also, other proposed standards such as the ANSI Z365-DRAFT 10 standard on reducing upper extremity CTD's attempts to elaborate on some of the recommendations in the Meatpackers Guidelines.
There are potentially several applicable Hand-Arm Vibration (HAV) standards/guides that can be used to evaluate the circular powered knife design. Internationally, there is ISO 5349 11 and ISO 8662 12 and in the U.S. there is the NIOSH, HAV standard 13 #89-106, ANSI S3.34 14 , and ACGIH, HAV standard 15 ; each of which will be briefly discussed for this application:
ISO 5349, first promulgated in 1986, can be used for many different tools but lacks any recommendations or limits with regard to daily tool use, instead this document defers to each country to establish their own daily HAV limits. Thus this standard was not used in our study. ISO 8662, the first parts of which were promulgated in 1988, is a multi-part tool-specific process standard which does not address the circular knife. Further, ISO 8662-1 clearly states its intended use was not to assess human response to HAV, rather it is an attempt to improve tool measurement techniques in certain other tool types such as grinders, chipping hammers, etc. In doing so, however, the recommended procedures usually limit the tool axes from the customary three (triaxial) to as few as one axis with vibration measurements obtained not from the actual work environment, rather special tool jigs are used instead. Thus this standard was not used for our study. NIOSH #89-106, was first promulgated in 1989, and does not contain nor recommend any HAV daily or other exposure limits; rather it recommends a series of administrative measures for reducing workplace HAV. Thus this standard was not used for our study. ANSI S3.34, was first promulgated in 1986, and does recommend, triaxial, weighted, daily HAV exposure limits, graphically shown in Figure 2 as exposure "zones". Thus this standard was used in this study.
ACGIH, HAV standard, was first promulgated in 1984, and does recommend, triaxial, weighted, daily HAV exposure limits, numerically shown in Table I . Thus this standard was used in this study. Finally, for both ANSI S3.34 and the ACGIH HAV standards: The measure of linear vibration "intensity" is root-mean-squared (rms) acceleration, obtained triaxially, using the same basicentric coordinate measurement system shown in Figure 3 . The same "weighted" 1/3 octave band Fourier vibration spectrum analysis is required for each vibration axis to properly evaluate the triaxial vibration data as applied to both these standards 16 . Hand-arm vibration basicentric coordinate system
METHODS

Equipment, Data Acquisition & Analysis
When designing this study it became apparent that there was a need to modify both commercially available off-the-shelf vibration equipment and to develop computer software necessary to process the vibration data. Figure 4 , diagrammatically shows the equipment setup used in this study; Table II lists the basic (unmodified) equipment used. Flow diagram of study vibration data aquisition system In order to measure the linear rms vibration acceleration impinging on the hand, three lightweight, calibrated, piezoelectric PCB accelerometers were rigidly mounted mutually perpendicular to a small aluminium block which in turn is mounted on the circular knife. The aluminium block has a base that can be mounted on the head of the circular knife, close to the palm surface of the hand that grips the tool. The acceleration output was electronically conditioned (converting electrical charge to corresponding voltage) and provided needed voltage amplification suitable for analog-to-digital (A/D) conversion, storage, and subsequent Fourier spectrum data processing.
The hardware package is a modified version of National Instruments' Third Octave Analyzer data processing equipment and Labview modified software. This analyzer was customized to acquire (sample) acceleration values every 80 microseconds, multiplexed across all three x, y, z vibration axes data channels, for a minimum data collection time of 1 minute of continuous vibration acceleration data. This multiplexed sampling data collection rate across the three acceleration data channels is much faster than the minimum [Nyquist criterion] rate required for the vibration standards bandwidth of 5-1,500 Hz, thus insuring for each x, y, z axis signal channel excellent signal integrity, without data loss. Each x, y, z analog data channel was next digitized and converted into ASCII files using a high-speed PCMCIA data acquisition board. As required by the HAV standards, the final step was to perform a separate 1/3 octave band, weighted, Fourier spectrum analysis for each of the three axes vibration data and finally compare the results of each axis graphically to the ANSI S3.34 standard ( Figure 2 ) and numerically to the ACGIH HAV standard shown in Table I . These results could either be hard copy printed and/or viewed on a portable Gateway Solo PC. Examples of the results are given in Tables III and IV 
Study Subjects
Previous vibration testing of the circular knife has been only static testing in a laboratory setting. Although some in-plant testing was included in the previous cited 1988 study 3 , no extensive testing of any powered hand tool has been performed in the meat industry prior to the study which we are reporting in this paper. All the test subjects used in this study were volunteer line workers employed by a major meat processing company with various locations in the U.S. Subjects' ages ranged from 18-65 years old, both male and female, with a range of on-the job experience from several weeks to over 20 years operating the circular knife. The tools used in this study were not new, ranging from several days to over 11 years of actual use. Prior to testing, all tools were initially assessed as to their physical condition and initial vibration acceleration levels. Other variables considered were tool model (diameter and condition of the blade), type of application used on the production line, and tool maintenance history (condition of the tool). 
Testing & Work Environment
All testing was performed on actual meat processing production lines, during normal working hours, with the powered circular knife used in a normal manner by workers who normally use the circular knife as part of their jobs. So as not to interrupt the fast moving meat production line flow and simultaneously accomplish the task of measuring vibration on the circular knife, the triaxial accelerometer mounting block had to be designed to mount/dismount quickly to/from the circular knives. There were other severe physical working conditions of meat processing which had to be addressed in order to conduct this unique study, namely:
The environmental temperature on processing floors average 7.2°C and over 32.2°C in the slaughtering areas.
There is significant moisture present in all areas of meat processing.
In operation, the circular knives are usually covered with fatty tissue, blood, and dried proteins.
Plant layouts provide only 3 feet of working space per line worker.
One investigator (securing the accelerometers to the circular knives) had to safely work behind each line worker, during each data gathering run, without interfering in any way with the fast moving production line and/or the line worker(s) using these power tools ( Figure 6 ).
Workers in meat processing plants are subjected to added hazards of finger and hand: cuts, burns, crushes, punctures, and even amputations. Thus personal protective equipment is used to minimize these hazards using cut resistant gloves and sleeves, plastic arm guards and stainless steel mesh gloves. Also, latex gloves must be used by workers to protect the raw meat from contamination. All of the foregoing, while trying to protect the worker simultaneously reduces their dexterity, tactile response, and restricts necessary movement. Figure 6 . Diagram of meat production line with investigator behind line worker
Conducting the Study
Power tool data was gathered over an 11 month period, from 13 U.S. meat processing plants, using 685 circular knives, operated by 630 male and female workers doing the work listed in Table V . Two investigators conducted this study, one operating the vibration measuring equipment, the other standing directly behind a line worker. In practice, the line worker gave latter investigator a non-running knife, which was then quickly affixed with a triaxial accelerometer-mounting block, secured with two plastic ties at six pounds of force using a tie gun. Once the block was secured, the worker was handed the powered knife and began to perform the task without the customary step of steeling the blade. Steeling is the process of using a smooth or serrated steel rod to realign/straighten the microscopic teeth, which comprise the edge of these blades. Placing a rod against the circular blade edge could potentially interfere with the performance of the tool, therefore, steeling during vibration data collection was not allowed.
During this study the worker would generally take the tool and begin operating the powered knife. Movement of the knife in relation to the product depended on the model, blade size, and application. De-fatting tasks normally would be lateral movement of the forearm across the breath of the worker's body. Removing meat required the worker to push the moving blade downward, horizontal to the body, and then pull towards the body. These fast and continuous hand movements in relation to the task required the accelerometer block be robust and tightly secured to the tool, thus eliminating any interference between the measuring equipment and the worker's activity while using the powered knife. A complete vibration data collection run lasted a minimum of one full minute, whereupon another tool was handed to the worker and the work cycle was repeated. Hand signals were used by the two researchers to begin/end each tool test.
Vibration Data Processing
Computer processing of the numerous electrically powered circular knives' trixial acceleration data in this study used both the ANSI S3.34 HAV standard and the ACGIH-HAV standard [known as Threshold Limit Values or TLV] evaluation criteria. In keeping with these standards, for each tested tool, the following data processing procedures 7, [14] [15] [16] were used: For each channel of the DAT tape recorded "time domain" vibration data, a separate 1/3 octave band, weighted Fourier vibration spectrum was calculated thus converting time domain data into corresponding "frequency domain" spectrum. Three such spectra were calculated, one each for the x, y, z axes.
For each such spectrum, a numerical value was calculated in rms acceleration [either in meters/sec/sec or gravitational "g" units, where 1g = 9.81 m/sec/sec]. This value represents the vibration acceleration intensity impinging on the worker's hands in that given direction/axis. For each tool, there were three such calculated numerical values, one for the x axis, one for the y axis, one for the z axis. In turn, each of these numerical values was compared to the ACGIH HAV standard given in Table I . For evaluation purposes, if for example, one or more of these three values exceed 4 m/sec/sec [or 0.40 g] then that tool could not be safely operated from 4-8 hours/day; it possibly can be operated for a shorter daily period, depending on the magnitude of each calculated value. ANSI S3.34 is a graphical standard wherein for each test tool each of the three respective spectra were separately mathematically compared/overlaid over the weighting function graph shown in Figure 2 . This standard has been exceeded if one or more spectral lines/peaks, in any one or more of the three spectra, touch or pierce through the weighting function shown as a series of exposure-time-dependent parallel "elbow shaped" curves. Conversely, this standard has not been exceeded if all spectral peaks lie below the 4-8 hours/day weighted exposure zone curves.
RESULTS
The results of our vibration tool testing indicated the following: a) No tool tested exceeded either the ANSI S3.34 standard nor the ACGIH standard for HAV in the critical 4-8 hrs/day usage ranges. b) Referring to We believe the reasons for this wide min.-max. ranges among tool diameter categories is due to one or more of the following tool characteristics:
The smaller (2.858 cm diameter) tool has a rigid housing or channel in which the blade is captured and guided as it moves. The larger diameter blades with larger housings are only partially captured by a crescentshaped shoe configuration.
Adjustability is better with the larger diameter tools, allowing the worker to tighten the "shoe" [or viewable area] of the moving blade and simultaneously mimimize the vibration.
There are design differences in the ability of the product to move out of the path of the moving/rotating blade. The smaller diameter tools are primarily used to remove meat from bones and other sinuous tissues whereas the larger diameter knives are used primarily for fat trimming and removing lean meat from fat. Thus there is less contact with hard [bony] objects when using the larger bladed tools and the product composition [i.e. fat] provides natural blade lubrication. c) Regarding tool care and maintenance, not unexpectedly, the results indicated that acceleration levels rise with poorly maintained tools. The physical condition of each circular knife was documented before and after testing. We note that when these knives were evaluated as a complete unit as a motor, flexible shaft and casing, handle piece, each element added to the recorded acceleration value. For example, when a motor was incorrectly positioned ergonomically too low in relation to the working surface, the acceleration level of flexible shaft, which couples the motor motion to the tool, increased. Poorly maintained flexible shafts, worn parts, and lack of tool lubrication all contributed to the higher measured acceleration values.
DISCUSSION
The tested circular cutting knives used in the meat processing industry showed acceleration levels less than the 8 hour/day limit of both ANSI S3.34 & the ACGIH HAV standard if they were properly maintained. Not unsurprisingly, worn tool parts or poorly maintained tools resulted in higher vibration acceleration levels; these tools when examined clearly showed excessive wear and/or damage to one or more parts such as blades, housings, pinion gears, bushings, flexible shafts, casings, electric motors and in the case of pneumatic models, motor vanes. After the identified part(s) were replaced, corresponding vibration measurements were taken under the same work conditions and found to have decreased overall by 16%.
Although each diameter tool had differing median values, these acceleration levels were not statistically different. When the initial readings of knives with higher acceleration levels were removed from the sampling, the median values clustered much closer as shown in Table VII .
The foregoing analysis takes into account the various applications where these knives are used since the smaller diameter knives are primarily used to remove meat from bone and tough sinuous parts of the carcass. Whereas the larger diameter knives are operated continuously to remove fat, which is a natural lubricant and thus helps reduce resistance to blade motion. 
CONCLUSIONS
This proactive study is a first to extensively examine the real-time triaxial vibration acceleration characteristics of a group of various 685 circular cutting knives powered electrically or pneumatically under actual work conditions. These knives are used extensively in the high volume and cold environment of meat processing to remove meat from bone and fat from meat. The study results indicate that neither ANSI S3.34 nor ACGIH hand-arm vibration standards were exceeded. However, in those tools, which were poorly maintained and/or had worn parts, corresponding acceleration levels increased; when these worn parts were replaced and the tested tools were properly maintained corresponding acceleration levels were reduced. Thus these study conclusions emphasize the need to properly and vigilantly maintained and regularly replace worn parts of vibrating hand-tools as part of an overall effort to minimize worker hand-arm vibration exposure.
Although vibration-cold temperatures are documented risk factors which have been causally related to Hand-Arm Vibration Syndrome in numerous medical and epidemiological studies 7, 16 we clearly recognize that in the difficult work environment of volume meat processing there are other potent ergonomic risk factors which can result in upper extremity disorders such as tendonitis, trigger finger and related cumulative trauma disorders which also require additional research. This study is a first step towards realizing that goal.
